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INTRODUCTION
Mammalian cells contain multiple species of DNA ligase that are encoded by the LIG1, LIG3 and LIG4 genes (1) . There is compelling evidence linking the product of the LIG1 gene, DNA ligase I, with the joining of Okazaki fragments generated during lagging strand DNA synthesis. For example, DNA ligase I co-localizes with DNA replication foci, co-purifies with a multisubunit DNA replication complex and efficiently joins Okazaki fragments when DNA replication is reconstituted with purified replication factors (2) (3) (4) . Moreover, a DNA ligase I-deficient human cell line 46BR1G1 is defective in the conversion of Okazaki fragments into larger DNA replication intermediates (5) (6) (7) (8) .
The identification and characterization of a specific interaction between DNA ligase I and the homotrimeric sliding clamp, proliferating cell nuclear antigen (PCNA), provided the first evidence physically linking DNA ligase I with a component of the DNA replication machinery (9, 10) . Subsequent studies revealed that the 20 amino acid sequence at the N-terminus of DNA ligase I is necessary and sufficient to bind to PCNA and that this sequence is homologous to the canonical PCNA binding motif that has been found in a growing number of PCNA-interacting proteins (7, 11, 12) . Amino acid changes that inactivate the PCNA binding site of DNA ligase I prevent the recruitment of DNA ligase I to DNA replication foci and abolish the ability of this enzyme to efficiently join Okazaki fragments (7, 11) . The interactions of PCNA with other DNA replication enzymes such as replication factor C (RFC), the heteropentameric clamp loader, the replicative DNA polymerases, Pol δ and Pol ε, and the 5 flap endonuclease suggest that this homotrimer plays a central role in co-ordinating and regulating the actions of these enzymes during gap-filling DNA synthesis and ligation (12, 13) .
Biochemical assays measuring DNA synthesis and ligation in reactions either reconstituted with purified replication factors or catalyzed by cell extracts have shown that the ability of DNA ligase I to bind to PCNA is critical for efficient ligation and that the extent of strand displacement DNA synthesis is limited by the functional interaction between DNA ligase I and PCNA (7, 14, 15) . Although DNA ligase I stably associates with PCNA trimers that are topologically linked to duplex DNA circles (9) , PCNA only weakly stimulates DNA joining at very high concentrations (16) . This suggests that additional replication factors may be involved in the functional interaction between DNA ligase I and PCNA. In this study we describe a physical interaction between DNA ligase I and the large subunit of the clamp loader RFC that is conserved among eukaryotes.
Furthermore, we show that RFC modulates DNA joining by DNA ligase I in a reaction that is dependent upon the interaction between DNA ligase I and PCNA.
EXPERIMENTAL PROCEDURES
Protein purification. Recombinant DNA ligase I was purified from Sf9 cells infected with a baculovirus expressing human DNA ligase I (17) . PCNA was overexpressed in and purified from E. coli as described (9, 18) . Recombinant RFC complex containing full length RFCp140 and a truncated version of RFCp140 lacking the N-terminal 555 residues (RFC∆Np140) were purified from baculovirus-infected insect cells (19). The intact RFC complex was also obtained from Dr. Vladimir Podust (20) .
DNA ligase I affinity chromatography. Nuclear and cytoplasmic extracts were prepared from a frozen pellet of HeLa S3 cells (10 9 cells) as described (21) . The nuclear extract (20 mg) was fractionated by DNA ligase I affinity chromatography as described previously (9) . Fractions were analyzed for protein by immunoblotting after separation by
SDS-PAGE (22).
Purified RFC was incubated with either DNA ligase I or bovine serum albumin (BSA) beads (9) in binding buffer (50 mM Tris-HCl pH 7.5, 100 mM KCl, 1 mM dithiothreitol, 1% Nonidet P-40 and 5 µg BSA) for 30 min at 4°C with constant agitation.
After collection by centrifugation, the beads were washed with binding buffer and bound proteins were eluted with SDS sample buffer (22) . After separation by SDS-PAGE, proteins were detected by immunoblotting with antibodies against RFC p37 (GeneTex Inc) and RFC p140 (a gift from Dr. Bruce Stillman).
Immunoprecipitation. Hela cells (8 X 10 6 ) were lysed in IP buffer (50 mM Tris-HCl pH 7.5, 150 mM KCl, 10 mM MgCl 2, 1% Nonidet P-40 (Sigma), 1 mM DTT, 50 µg/ml ethidium bromide, 1µg/ml leupeptin, 1 µg/ml pepstatin, 1 µg/ml chymostatin, 0.1 mM of DNA ligase I (GST-C Lig1) were expressed and purified as described previously (9) .
Sequences encoding residues 1-584 and 479-1148 of RFC p140 were amplified from pET16a-p140 (19) by the polymerase chain reaction and subcloned in-frame with the GST open reading frame in the pGEX vector to generate pGST-Np140 and pGSTCp140, respectively. Similarly, the open reading frame encoding Cdc9 DNA ligase was amplified from S. cerevisiae genomic DNA by the polymerase chain reaction and subcloned in-frame with the GST open reading frame in the pGSTag vector (23) . After expression in E. coli, GST fusion proteins were purified from cell extract affinity chromatography using glutathione Sepharose beads.
In Vitro Transcription and Translation. Coupled in vitro transcription and translation reactions were performed using the TNT Quick Coupled Transcription/Translation system (Promega, Madison, WI). The plasmids for the in vitro transcription and translation of human RFC subunits have been described previously (19) . The open reading frame encoding Rfc1 was amplified from S. cerevisiae genomic DNA by the polymerase chain reaction and subcloned into pET-28b for coupled in vitro transcription and translation.
Labeled in vitro translated polypeptides were partially purified by ammonium sulfate precipitation (24) . Tris-HCl, pH 7.5, 10 mM MgCl 2 , 1 mM dithiothreitol, 0.25 mg/ml BSA, 100 µM ATP, and 100 mM NaCl), the beads were incubated with 2 pmol of RPA/pmol of DNA in the same buffer for 15 min at room-temparature. This substrate was then incubated with 2 pmol RFC or 2 pmol of ∆NRFC in the presence and absence of PCNA (2 pmol trimer) at 30°C for 2 minutes. DNA ligase I (2 pmol), either wild type or mutant, was added and the reaction incubated at room-temperature for 5 minutes. The beads were then spun down and the reaction terminated by addition of 10 µl of stop mix (50% glycerol, 1% SDS, 20 mM EDTA and 0.05% bromophenol blue). The beads were heated at 100° C for 3 min to denature DNA. A 2 µl aliquot was mixed with 2 µl of denaturingPAGE dye (80 % formamide, 0.05% bromophenol and 0.05% xylene cyanol). The samples were electrophoresed through a 12% denaturing polyacrylamide gel. After drying, the gel was exposed to a Storage Phosphor screen and subjected to phosphorImager analysis either wild type or a mutant version with a disrupted PCNA binding site (7) was then added. Aliquots were taken after 0, 30, 90 and 300 seconds and added directly to DNA termination dye. After boiling, samples were electrophoresed through a 6% denaturing acrylamide gel. Labeled oligonucleotides in the dried gel were detected and quantitated by phosphorImager analysis (Molecular Dynamics).
RESULTS
Previously we have shown that DNA ligase I forms a stable complex with PCNA molecules that are topologically linked to a nicked DNA circle (9) . Since this interaction did not significantly increase the efficiency of DNA joining (9), we suspected that additional DNA replication factors may be involved in promoting DNA joining by DNA ligase I. To identify such factors, we fractionated a HeLa nuclear extract by DNA ligase I-affinity chromatography. As reported previously, PCNA was specifically retained by the DNA ligase I resin (Fig. 1A, compare lanes 3 and 4) . Analysis of the same fractions by immunoblotting with antibodies specific for the p37 subunit and p140 subunit of the clamp loader RFC revealed that these proteins were also present in the 150 mM NaCl eluates from the DNA ligase I column but not in the equivalent eluates from the BSA column (Fig. 1A, compare lanes 3 and 4) . PCNA and the RFC subunits, p37 and p140, were also present in the 300 mM NaCl eluate from the DNA ligase I but not from the BSA column (data not shown). Since RFC also binds to PCNA (25) , it is possible that DNA ligase I-bound PCNA acts as a binding site for other PCNA binding proteins.
However, FEN-1, another PCNA-binding replication protein (26), was not retained by the DNA ligase I resin (Fig. 1A) , indicating that the binding of PCNA to the DNA ligase I beads does not result in the non-specific retention of other PCNA binding proteins. To provide further evidence for the specific association between RFC and DNA ligase I in HeLa cell lysates, we performed immunoprecipitations in the presence of ethidium bromide. As shown in Figure 1B , the DNA ligase I antibody co-immunoprecipitated the p37 subunit of RFC (Fig. 1B, lane 3) and, in reciprocal experiments, the RFC p37 antibody co-immunoprecipitated DNA ligase I (Fig. 1B, lane 4) .
Since RFC p37 and DNA ligase I can be co-immunprecipitated in the presence of ethidium bromide, it appears likely that the association between these factors is mediated by protein-protein interactions. To determine whether there is a direct interaction between DNA ligase I and RFC, we performed pull down assays with DNA ligase I affinity beads and purified recombinant human RFC (20) (Fig. 2A, lane 2) . The binding of RFC to DNA ligase I-but not BSA-beads (Fig. 2B, compare lanes 2 and 3) ,
demonstrates that there is a direct interaction between RFC and DNA ligase I.
RFC is composed of a large subunit, p140 and four smaller subunits p40, p38, p37
and p36 (27, 28) . Recently, several different variants of RFC, in which p140 has been replaced by different polypeptides, have been described (29, 30) . Since p140 is the unique component of the replicative clamp loader, we reasoned that the specific association with RFC is likely to involve an interaction with p140. To test this idea we expressed the Nterminal domain of p140, which can be removed without loss of catalytic activity (19) , and the C-terminal domain of p140, which is required for complex formation with the four small subunits (19) , as GST fusion proteins. In pull down assays, in vitro translated DNA ligase I was specifically retained on glutathione beads liganded by the noncatalytic N-terminal domain of p140 (Fig. 3A) .
If the interaction between the clamp loader and the DNA ligase plays a critical role in lagging strand DNA synthesis then it should be conserved other eukaryotes. This prompted us to examine whether Cdc9, the S. cerevisiae DNA ligase I homolog, interacts
with the large subunit of S. cerevisiae RFC, Rfc1. As shown in Figure 3B , in vitro translated Rfc1 was specifically retained on glutathione beads liganded by GST-Cdc9, indicating that the interaction between the large subunit of the replicative clamp loader and DNA ligase is conserved in eukaryotes.
Since previous studies have shown that the N-terminal 118 amino acid residues of DNA ligase I contain the binding sites for both PCNA and DNA polymerase β (11,31), we examined whether the same region was involved in the interaction with RFC p140. As shown in Figure 4A , this fragment did bind specifically to the N-terminal domain of RFC p140. This interaction was not disrupted by the substitution of the adjacent phenylalanine residues by alanine residues in the PCNA binding site at the N-terminus of DNA ligase I (data not shown). Unexpectedly, the N-terminal domain of RFC p140
interacted more efficiently with a fragment encompassing the catalytic domain of DNA ligase I (Fig. 4A) . This is the first example of a protein-protein interaction involving this region of DNA ligase I.
The observation that more than one region of DNA ligase I binds to the N -terminal domain of RFC p140 prompted us to examine whether DNA ligase I also interacts with the small RFC subunits. As expected, in vitro translated RFC p140 bound specifically to both the N- (Fig. 4B, lane 19 ) and C-terminal (Fig. 4B, lane 20) fragments of DNA ligase I expressed as GST fusion proteins. Similar, albeit weaker, interactions were observed with in vitro translated p36 (Fig. 4B, lanes 3 and 4) and p38
( Fig. 4B, lanes 11 and 12) .
The results of our protein-protein interaction experiments described above together with published studies have identified a series of pairwise interactions among PCNA, RFC and DNA ligase I (7,9,11). To examine the effect of RFC on DNA ligase I catalytic activity, we constructed a partial duplex linear substrate containing a single ligatable nick (Fig. 5A) . Pre-incubation of this substrate with RFC inhibited the extent of DNA joining by about 50% (Fig. 5B ). In accord with previous studies (9), PCNA had essentially no effect on the DNA joining activity of DNA ligase I (Fig. 5B) . Interestingly, when PCNA was pre-incubated with RFC, the inhibitory effect of RFC on DNA joining was alleviated (Fig. 5B) . Since we have shown earlier that the N -terminal region of p140 is involved in the interaction with DNA ligase I (Fig. 3) , we asked whether the catalytically active RFC complex containing a truncated version of p140 lacking the Nterminal region had a similar effect on DNA ligase I activity. As shown in Fig. 5C , the RFC complex containing a truncated version of p140 inhibited DNA joining by about 50% but, as with the intact complex, this inhibition was alleviated in the presence of PCNA. Under these reaction conditions, the RFC complex containing a truncated version of p140 was still specifically retained by DNA ligase I beads (Fig. 5D ), presumably because of the interactions between DNA ligase I and one or more of the small RFC subunits (Fig. 4B) .
The simplest explanation for the observations described above is that the ATPdependent loading of PCNA by RFC induces the dissociation of RFC from the nicked DNA, thereby making the nick accessible for ligation. Pre-incubation of a circular ligatable substrate (Fig. 6A) with RFC also caused an inhibition of DNA ligase I activity (Fig. 6B) . In this assay, the initial rate of DNA joining was reduced by about 4-fold but this inhibition was alleviated by the inclusion of PCNA (Fig. 6B) . However, in similar experiments with a mutant variant of DNA ligase I in which the PCNA binding site had been inactivated (7), preincubation of PCNA with RFC did not alleviate the inhibitory effect of RFC (Fig. 6C) . A similar result was obtained in assay with the linear ligatable substrate (data not shown). Thus, the ability of DNA ligase I to efficiently join DNA in the presence of RFC and PCNA is dependent upon its ability to bind to PCNA.
DISCUSSION
There is substantial evidence supporting the notion that multiprotein DNA transactions such as DNA replication are co-ordinated by protein-protein interactions among the participating factors. Notably, PCNA, which is a homotrimeric sliding clamp, interacts with multiple DNA replication factors, indicating that it plays a central role in directing the sequential actions of these proteins (12, 13) . In previous studies, we have shown that the interaction between DNA ligase I and PCNA is critical for the efficient joining of Okazaki fragments and the completion of the repair of DNA lesions by long patch BER (7, 9) . Our failure to find conditions under which PCNA stimulated the catalytic activity of DNA ligase I (9) prompted us to look for additional protein factors that may contribute to DNA joining events involving DNA ligase I and PCNA. In this study, we describe a direct interaction between DNA ligase I and RFC, the clamp loader.
Unlike PCNA binding, which is dependent on a 20-amino acid sequence at the N-terminus of DNA ligase I (11), the interaction with RFC involves residues from both the non-catalytic N-terminal and the catalytic C-terminal domains of DNA ligase I.
Moreover, DNA ligase I not only interacts with the non-catalytic N-terminal region of the large subunit of p140 but also with two of the smaller RFC subunits. Together these results indicate that there are multiple site of contact between DNA ligase I and RFC.
Previously we had shown that PCNA tethered DNA ligase I to a nicked circular DNA duplex but did not stimulate ligation (9) . This suggested that the free-sliding DNA ligase I-PCNA complex required an additional factor(s) to position it at a nick. In this regard, it is intriguing that RFC binds to the 3' hydroxyl termini of primer-template junctions (27) and so could potentially recruit DNA ligase I to nicks. However, the recent structures of prokaryotic and eukaryotic RFC complexes determined by electron microscopy and x-ray crystallography suggest that the binding of RFC would prevent DNA ligase I from gaining access to the nick (32, 33) . Consistent with this prediction and a previous biochemical study (2) 
